Abstract-This paper presents an adaptation of a fundamental frequency estimation scheme based on a fasttracking PLL-based structure. The approach is based on a modification of the Adaptive Quadratic Signals Generator Phase-Locked Loop, adding a pre-filtering stage in order to attenuate the influence of the time-varying harmonics. The time-domain discretization of the proposed scheme is also presented. A comparison between the proposed scheme and a highly accurate Zero-Crossing scheme is performed under time-varying harmonic operation conditions through experimental measurements. While the later is able to provide only the frequency value, the proposed scheme is able to provide both the frequency value, the fundamental component wave form, and its quadratic companion signal, keeping the same fast-tracking characteristic and presenting a smoother behavior.
I. INTRODUCTION
The growth in electricity demand has been, evidently, one of the main reasons for the expansion of Electric Power Systems (EPSs) around the world [1] - [5] . Throughout the years, EPSs have become increasingly complex, more and more branched, feeding multiple types of loads, which drain power from the grid in more peculiar ways [6] . Some of the characteristics often present in many of the current loads are the time-varying behavior and high nonlinearity, which are responsible for most causes of deterioration in Power Quality (PQ). Among these several issues, the presence of harmonics in voltage and current waveforms is a major fact [7] .
Some examples that one can mention of loads regarded as the main contributors of waveform distortion are the Flexible Alternating Current Transmission Systems (FACTs) devices, saturated magnetic core, arc furnaces, and Variable Frequency Drives (VFDs) [8] . In the current state of the EPSs, renewable energy sources have become increasingly important, and the Integration of these energy sources to the main grid is done through power electronic interfaces. This is another major cause of harmonic distortions [9] . Indeed, grid interfacing equipment, like voltage source inverters, can bring about harmonic distortion into the voltage and current grid signals due to the non-ideal characteristics of them [10] .
Adverse effects can result from harmonic distortion. Among them one can cite the reduction in devices lifespan, erroneous operation of control circuits, interference with communication lines, and increased losses. These effects become even more important within the Smart Grids (SGs) scenario, where the operation must be performed in an integrated way through a real-time communication between control and protection elements [11] , [12] . Therefore, accurate and fast-tracking parameter estimation and reliable communication are key aspects for an SG [13] , [14] .
The efficiency of harmonic mitigation techniques depends on an accurate estimation of the fundamental component of the waveform signals [9] . These techniques are becoming indispensable, especially in the new context of the SGs and its applications, such as the control of power converters.
A crucial aspect in the control of power converters connected to the network is the detection of the fundamental component of the voltage and either the fundamental frequency value or the phase angle thereof [15] . The frequency estimation information is used for the synchronization of the output variables of the converters, power flow calculation, among other purposes. Frequency information is also essential for the control of distributed generation systems, energy storage systems, FACTS [16] , power line conditioners, Uninterruptible Power Supplies (UPS) [17] , inverters frequency and other power conditioning equipment. In all of these applications, the frequency estimation must be done as quickly and accurately as possible. This becomes quite challenging when the EPS operates under the harmonic distortion condition. Considering more severe adverse conditions, such as the presence of subharmonics or also a marked variation in frequency, they may interfere significantly on the operation of conventional estimators. Therefore, a robust technique to these and other types of PQ disturbances is important.
Many of the algorithms used to estimate the frequency value of the EPSs are based on the assumption that the fundamental component frequency is practically constant, or that it experiences small variations, especially those based on the Fast Fourier Transform (FFT) [18] . This premise has become increasingly far from reality as new sources with intermittent features are incorporated into the grid. The frequency of a distribution network, for instance, can extremely quickly vary during transient events, so it can be very challenging to track it with enough accuracy [19] . Thus, the constant or nearly constant frequency model is no longer appropriate for the current state.
Having said that, this paper presents the comparison of two fundamental frequency estimation schemes. The proposed method is based on Adaptive Quadratic Signals Generator -Phase Locked Loop (AQSG-PLL) [15] . A low-pass pre-filtering stage is added, similar to the approach presented in [20] , where zero-crossing with linear interpolation correction is applied to improve precision. The new scheme, so-called PF-AQSG-PLL, can deliver the fundamental and the quadrature components of a measured quantity (voltage or current) in addition to the frequency value, while [20] delivers only the frequency value information. The comparison is performed through practical measurements using a dSPACE ® .
This paper is organized as follows. Section II presents the description of the fundamental frequency estimators used as the basis to the proposed scheme. Firstly, the prefiltered zero-crossing with linear interpolation correction is shown. Then, the AQSG-PLL scheme is presented. In Section III, the proposed scheme as well as its timedomain discretization presented. The approach is based on a combination of the AQSG-PLL and the pre-filtering stage, similar to the one present in the zero-crossing modeling description. Section IV presents the test setup and some results from these tests. Finally, Section V contains some concluding remarks.
II. MODELING DESCRIPTION OF THE FREQUENCY ESTIMATORS

A. Zero-Crossing with linear interpolation correction
This scheme [20] is composed of a simple zerocrossing detector followed by an interpolation correction stage performed to improve the accuracy of the estimation (Fig. 2) . This stage estimates the exact moment of the signal crossing between the two samples, x c OEn 1 immediately before and x c OEn after the zero-crossing. From the sampling period T s is it possible to deduct the periods N a and N b of (1) and (2) using basic trigonometry. 
B. Pre-filtering Stage
In order to improve the the reliability of the zerocrossing scheme and avoid double crossing due to noise and other high frequency components, a low-pass filtering stage is applied to the scheme. A 6-order IIR Chebyshev type II was used. Type II Chebyshev (or inverse Chebyshev) filters are known to have a flat passband and equi-ripple in the stopband. In this specific case, this filter was used due its low order and easy implementation characteristics.
Its characteristic curves are shown in Fig. 3 , and its transfer function relating its output Y OEz and its input X OEz can be observed through Eq. 3. 
C. AQSG-PLL: Continuous-time modeling
The proposed single-phase frequency estimation scheme is based on AQSG-PLL [15] . The AQSG-PLL is composed of three main blocks, the Adaptive Quadrature Signals Generator (AQSG), the Fundamental Frequency Estimator (FFE) and the Quadrature Companion Generator (QCG). These blocks are described by the set of equations (4) and they are shown in Fig. 4 . AQSG:
Where the notation P 
III. PROPOSED FUNDAMENTAL COMPONENT FREQUENCY ESTIMATION SCHEME
In order to deal with harmonic distortion scenario, the author originally proposes a Harmonic Compensation Mechanism (HCM) for each individual harmonic present in the system [15] . However, in practical terms, it is difficult to forecast which harmonic will occur and when it will appear. Besides, the complexity of the system will increase expressively as the number of harmonic compensations increase. For this reason, this work proposes the use of the pre-filtering stage presented in Section II applied to the signal before the AQSG-PLL, resulting in the PF-AQSG-PLL, as it is shown in Fig. 5 . 
A. Discretization
In order to the system can be implemented on a digital platform, like either DSPs or FPGAs, transformations from the continuous time domain (s) to the discrete time domain (z) are needed. The three integrators 1 s must be transformed. The trapezoidal integration rule (5) was adopted to the two most inferior integrators and the Adams-Bashforth rule (6) was applied to the superior one. This strategy was planned in order to avoid the "algebraic loops" in the discrete system through the application of an explicit integration method.
IV. EXPERIMENTAL TESTS
A. The set-up
The dSPACE ® system based on the DS1104 R&D Controller Board was used to implement the algorithms. This platform was connected to a PC to be programmed and to exchange data. To generate the signals with disturbances and distortions, the CSW5550 from California Instruments ® power generator was used. A four-channel RIGOL ® DS1104B digital oscilloscope was used. 
B. Results
For the tests a sampling frequency of 7.68 kHz was used, wich corresponds to 128 samples/cycle in a nominal 60 Hz fundamental signal. The power generator has two three-phase outputs, one on the back, which allows supply power devices with real voltage levels up to 312 V and 288 A, and other on the front, which has a level attenuation and can be used for the first tests. One phase of this front output was used as input signal for the tests. When an amplitude of 150 V is set to the power output, the front output shows 6.8 V of amplitude. The PF-AQSG-PLL parameters 1 and were set to 300 and 2.22 respectively, according to [15] .
To output the result from the frequency estimation two DAC channel from dSPACE were used, one for the zero-crossing estimation (the blue one on the next figures) and other for the PF-AQSG-PLL estimation (the purple one). As the output of the DAC can reach only˙10 V, a remapping of the values was don in order to use this range to output frequency estimations from 40 Hz to 70 Hz, according to (7):
where f scope is the value shown on the scope screen and f real is the correspondent real value. One can note that from the instant of change t 0 the estimation tracks the new value of frequency in about two and a half cycle of 60 Hz. Before the change the value of both estimations were about -3.36 V, which corresponds to approximately 49.96 Hz. After the change, both reached about 60.04 Hz. However, it must taken be into account the precision of the DAC and the error during the reading on the screen scope. Despite these facts, the estimation can be considered accurate and fast.
2) Case 2: For the second test, a signal with high harmonic distortion content was generated. The composition is: 100% of fundamental (150 V), 10% of 3º harmonic with a phase shift of 13°, 5% of 5º and 5º harmonics with no phase shift, and a 3% no phase shift of the 2º harmonic. The distortion begins in t 0 . The frequency remains the same. The result of the estimation can be seen from the Fig. 8 . One can observe that after the distortion begins, there is a small oscillation in both estimation. However, there is a new channel depicted on the picture. The signal in light blue is the Quadratic Companion Signal related to the input in yellow. It can be observed that this other output from the PF-AQSG-PLL expounds an almos pure sinusoid even during the distortion period. So, this is an advantage of the PF-AQSG-PLL.
3) Case 3: For this case, a harmonic distortion with the same composition of Case 2 is inserted in the input signal. However, this time the amplitude value of all components, including fundamental, drops 20%, so does the frequency, which drops from 60 Hz to 50 Hz. The result can be seen through Fig. 9 
V. CONCLUSION
The improvement resulted from the pre-filtering stage introduced in this work has been experimentally shown to provide very fast and accurate response to the fundamental component frequency estimation. In addition to the frequency value, the PF-AQSG-PLL can deliver an estimation of both fundamental component itself and the quadrature companion signal of the input signal while keeping the low complexity compared to the zerocrossing which can deliver only the frequency value. Once the natural behavior of the zero-crossing estimation is to update the values estimation every cycle of the signal, it leads to a waveform shape in which one can observe discontinuities in step-form. This does not happen with PF-AQSG-PLL, which presents a smooth and fasttracking behavior.
